Abstract-This paper describes the development of a novel three-phase phase-locked loop (PLL) used to compensate for mains variations by being incorporated as part of a feedforward loop in a three-phase telecommunications power converter. A telecommunications converter must comply with industry standards, in particular the psophometric noise standard CCIF-1951; this is achieved by controlling the output voltage ripple from the dc-dc converter. It is required that psophometric compliance is maintained under expected mains variations documented in the EN50160 power quality standard. The software PLL is simulated and performance characteristics show a high degree of noise rejection while also maintaining good dynamic performance.
I. INTRODUCTION
A new three-phase single-stage converter has been proposed [1] . These converters are manufactured for the telecommunications industry and as such need to conform to certain standards. The major ones are the CCIF-1951 standard, commonly called the psophometric standard, and the IEC1000-3-2 harmonic standard. The IEC1000-3-2 standard was introduced to regulate the harmonic currents drawn from the mains. Compliance with this standard is achieved by using active power factor correction techniques.
Telephone networks were originally analogue and because of output voltage ripple coming from the converter, audible noise was produced on the phone lines. Nowadays, with digital exchanges the telephone systems have become immune to dc power supply noise. The psophometric standard is still used however as the defining standard for the interface between telecommunication switching equipment and telecommunication dc power equipment.
This new design of converter achieves compliance by allowing constant three-phase power to flow from the source to the load by implementation of a squaring transfer function on the input voltages [1] . This action allows the load to be ripple free, as well as providing power factor correction. Given that the IEC1000-3-2 standard only needs to be met under nominal mains conditions, no further engineering effort is required with the design as compliance is virtually guaranteed. However, even under nominal operating conditions the psophometric standard will not be met due to the new converter design relying on the requirement that the three input phase voltages are balanced with equal magnitudes at all times in order to obtain zero output voltage ripple.
In order to theoretically maintain zero output voltage ripple a three-phase PLL is needed as a feedforward loop in order to compensate for mains variations between phases [1] . The PLL outputs serve as a reference; since it is synchronized with the mains, the outputs represent ideal mains voltages. Any discrepancies between the PLL outputs and the actual mains voltages then show up as an error signal that is fed forward with the converter controller generating the appropriate compensation signals used to maintain a constant power flow to the load. This prevents any voltage ripple due to mains amplitude variations from occurring [2] .
A novel PLL design has been proposed in [2] and unlike the traditional three-phase PLL this new design involves no coordinate transformations, resulting in a more simple design that is computationally more efficient. Fig. 1 shows the PLL system. It can be seen that the main difference between this new PLL compared with the traditional three-phase PLL is that there are no coordinate transformations and that the three phase detectors (multipliers), have their outputs summed together. This has the effect of cancelling the second harmonic signal, which is always present in single-phase PLL systems, as well as cancelling any common phase noise, thus reducing the overall filtering effort required [2] . Summing together the three phase detector outputs result in a dc error signal e. Elimination ofthe error signal is achieved by changing the phase of the feedback signals (u, v, w) to match the phase of the input voltages (Va, Vb, Va). operated within their locking range, as beyond this range instability results [3] . A linear discrete model based on sampled data is shown in Fig. 3 . The three-phase inputs after being sampled by the digital signal processor (DSP) are represented as
The multipliers serve as phase detectors, with the phase error in each phase being summed together resulting in a dc error signal e(k). This error signal is fed into the proportional-integral controller of the PLL and used to calculate the change in angular frequency of the mains voltage Aco(k).
The reference angular frequency Wo,re 2tf (where f is the reference frequency 50Hz), is added to A(cok).
Multiplying cok) by the sampling time, which is represented by unit delay zK', determines the sampling time increment of the phase angle AO(k).
AO6(k) = z-lo(k)
Integrating the increment AO(k) over the range 0-2t the estimated phase angle of each three-phase mains phase voltage O(k) is obtained.
The estimated angle is fed back into the phase detectors and used to adjust the error signal towards zero, resulting in the estimated angle and the grid phase angle being the same.
B. Modelling
By assuming the phase error is kept within a limited range, the PLL can be modelled as a linear system. This is a reasonable assumption since PLLs are normally only In Fig. 3 , as in Fig. 2 Setting z=1 it can be seen that the expression becomes zero, thus proving that the error signal over time will go to zero in response to a step phase change at the input. Further analysis shows similar results under conditions of a frequency step and a frequency ramp [4] .
E. Coefficient Determination
To fully make use of the transfer function one needs to determine the relevant gain coefficients. 'Afi = Js KvcoKdKp (2) where fs=sampling frequency andf lock range The required time for the mains to reach its steady state is now At = AO (3) According to [6] , dips in transmission services result in phase angle jumps of approximately ±5' or 51180. Substituting into (3), results in a settling time of 13.8ms.
The following time continuous approximations can be made for a digital system as discussed in [4] The desired performance of the PLL can now be implemented by adjusting the proportional and integral gains. A system that has a high bandwidth, although good for initial locking, does tend to enhance voltage distortions on the output [5] . Bandwidth is therefore a tradeoff between the filtering performance and the response time. The larger the bandwidth the better the response times, but the poorer the filtering action.
According to the European power quality standard EN50160, which provides the limits and tolerances of various phenomena that can occur on the mains, it is expected that the mains frequency may deviate by up to +IHz. Frequency can be represented as a change in phase angle over time given by the expression dO dt therefore, a +lHz grid frequency deviation is simply a change of 221 radians or 360°per second. The transfer function in (6) has been simulated using a software package called PSIM. The input step response and the frequency and phase responses are shown in Figs. 4 and 5 respectively. 
B. PLL Transient Response
The PLL is started up while the three-phase generated mains applied to the inputs and the response of the red phase is shown in Fig. 7 . The PLL at startup has a 180°p hase shift with respect to the input phase voltage and phase lock is achieved within 1 Oms. From the simulations, it can be seen that the input step response (Fig. 4) yields a settling time of 8ms. The frequency response plot of gain (decibels) vs frequency (Hertz) (Fig. 5) shows that the PLL has a natural frequency of 149Hz, while (5) approximates to 121Hz. The phase response (Fig. 5) shows the phase angle (in degrees) vs frequency. The system is shown to have a phase margin of 126°and a gain crossover frequency of54°indicating a stable system.
It can also be seen from the frequency response graph that there is some gain peaking. This is due to the fact that there is always a zero in the numerator of the transfer function even though the spacing between the zero and the closest pole decreases with increasing damping, but the pole never actually coincides with the zero therefore a second order PLL will always exhibit some peaking.
V. SOFTWARE PLL PERFORMANCE

A. PLL Experimental Setup
The proposed PLL technique is implemented using the DSP TMS320F2812. Some of the main features of this DSP are a 150MHz clock, analogue to digital converters (A/D) with 12-bit resolution and six PWM output ports [7] . Fig. 6 shows the experimental setup for the PLL. A three-phase function generator produces the mains voltages. The on-board A/D converters sample these input signals and consequently the PLL outputs the generated phase signals via the PWM ports. The outputs go through low pass filtering to remove the high frequency PWM switching harmonics. In Figs. 8 and 9, the PLL undergoes phase angle jumps. This is easier to perform than a phase jump on one phase of the function generator and yet achieves the same effective outcome of determining how well the PLL copes with a sudden phase angle change. A phase jump is achieved by resetting the VCO at the appropriate time. The response of the PLL to a phase angle jump of 90°is shown in Fig. 8 and it can be seen that the PLL is able to recover from the disturbance and regain tracking after 7ms. Fig. 9 shows that in the worst case, a 180°phase angle jump, the PLL What can be seen from the waveforms is the ability of the PLL to maintain phase lock under distorted conditions. This is because the input phases are summed together resulting in a cancellation of all common phase distortions. VI. CONCLUSION A novel software three-phase PLL has been introduced and a system model transfer function derived. Analysis has determined that for the particular application of the PLL used to monitor mains variations, the maximum required synchronisation time for the PLL after a phase angle disturbance is no more than 13.8ms.
Simulations of the transfer function transient response show a settling time of around 8ms with one overshoot. Simulations also show a natural frequency of 149Hz with a phase margin of 126°thereby indicating that the PLL is inherently stable.
The PLL was implemented on a DSP and the results show a worst-case lOms synchronisation time in response to a phase angle jump. Under distorted mains conditions the PLL was shown to be able to maintain phase lock and produce a clean output waveform.
The PLL has been demonstrated to have a very good filtering action with the ability to naturally remove all common phase distortions; this allows the PLL system to have both excellent noise rejection and a high degree of robustness. 176 mains pll
